The genus Carnobacterium is currently divided into the following eight species: Carnobacterium piscicola, C. divergens, C. gallinarum, C. mobile, C. funditum, C. alterfunditum, C. inhibens, and C. viridans. An identification tool for the rapid differentiation of these eight Carnobacterium species was developed, based on the 16S-23S ribosomal DNA (rDNA) intergenic spacer region (ISR). PCR-restriction fragment length polymorphism (PCR-RFLP) analysis of this 16S-23S rDNA ISR was performed in order to obtain restriction profiles for all of the species. Three PCR amplicons, which were designated small ISR (S-ISR), medium ISR (M-ISR), and large ISR (L-ISR), were obtained for all Carnobacterium species. The L-ISR sequence revealed the presence of two tRNA genes, tRNA Ala and tRNA Ile , which were separated by a spacer region that varied from 24 to 38 bp long. This region was variable among the species, allowing the design of species-specific primers. These primers were tested and proved to be species specific. The identification method based on the 16S-23S rDNA ISR, using PCR-RFLP and specific primers, is very suitable for the rapid low-cost identification and discrimination of all of the Carnobacterium species from other phylogenetically related lactic acid bacteria.
The genus Carnobacterium, proposed by Collins et al. (10) , includes heterofermentative lactic acid bacteria (LAB) that are currently divided into eight different species. The five species isolated from foods, such as poultry, meat, sausage, cheese, and seafood, are Carnobacterium piscicola, C. divergens, C. mobile, C. gallinarum, and C. viridans (4, 13, 19, 20, 21, 31, 33, 34) . C. funditum and C. alterfunditum were isolated from anoxic Antarctic lake waters (15) , while C. inhibens was isolated from the intestine of an Atlantic salmon (23) . A Lactobacillus species, Lactobacillus maltaromicus, was found to be very similar to C. piscicola, and recently these two species have been considered synonymous (35) . Most research on the genus Carnobacterium has focused on the production of bacteriocins, the regulation of metabolic enzymes, and the role of these factors in spoilage and the inhibition of Listeria monocytogenes in cold-smoked salmon (6, 12, 14, 30, 32, 40, 41, 42, 45, 47) .
The identification of Carnobacterium species by phenotypic methods is time-consuming, and certain species may be difficult to identify correctly. These are some of the reasons that the rapid identification of Carnobacterium species is essential. Some species, such as C. mobile, C. inhibens, C. funditum, and C. alterfunditum, are rare and difficult to isolate, and therefore a rapid and accurate identification method can facilitate their identification and perhaps lead to the discovery of new species. Indeed, some species, such as C. inhibens, C. funditum, and C. alterfunditum, are very closely related, so a rapid and accurate method is required to distinguish them. As mentioned above, members of the Carnobacterium genus occupy different ecological niches and are important microflora in fish products such as smoked salmon (30, 40) , in shrimps (13) , in meat and sausages (19, 21, 55) , in cheese (33) , and in the fish intestine (23) . Hence, a rapid identification method will facilitate the study of microbial ecology, such as the roles of Carnobacterium in a complex bacterial population and also during the storage of certain products. In addition, it is interesting to explore the potential characteristics of Carnobacterium, such as bacteriocin production, that can be used for bioprotection (6, 41) .
In the last few years, some new ways to differentiate Carnobacterium species have been developed. These studies have focused mainly on 16S ribosomal DNA (rDNA). In Eubacteria, ribosomal genes are found in the form of an operon (25) . The classic order of the ribosomal operon is 5Ј-16S-23S-5S-3Ј. Since rRNA genes are structurally conserved during evolution, related bacteria exhibit more similarities in their rRNA than unrelated species do. This makes rRNA sequences a preferred target for studies of bacterial evolution and typing. However, 16S rRNA sequences only allow for comparisons from the species level up to the kingdom level. The molecular typing methods developed to identify Carnobacterium species are based on randomly amplified polymorphic DNA (27) , sequencing of the 16S rrn gene (54) , restriction fragment length polymorphism (RFLP) of amplified 16S rDNA or the 16S-23S intergenic spacer region (ISR) (24, 46) , multiplex PCR (11) , and the design of oligonucleotides for use as specific probes or PCR primers (2, 8, 38) . The results obtained by the randomly amplified polymorphic DNA technique enabled only C. divergens to be distinguished from other Carnobacterium species (27) . The identification of Carnobacterium species based on restriction analysis of the 16S rDNA required a fastidious double digestion with HaeIII and HinfI (46) . The identification of carnobacteria at the genus level has been demonstrated by nucleic acid hybridization using 16S rRNA-targeted genusspecific probes (38) . However, the number of polymorphic sites in the 16S rDNA of Carnobacterium species is rather low (54) , and thus it is difficult to define specific 16S rrn sequences that can be used to differentiate closely related species.
In contrast to 16S rDNA, the ISR between the 16S and 23S loci of the rDNA operon is not subject to the same selective pressure. The rDNA structural genes have been shown to exhibit considerable variability in size and sequence between organisms (3, 17, 18, 22, 25, 28, 56) . RFLP of the PCR-amplified 16S-23S rDNA ISR, which has proved to be a rapid method to characterize bacterial isolates and populations (22, 37) , was applied to identify acetic acid bacteria to the species level (43, 52) . Recently, closely related Carnobacterium species isolated from food, including C. piscicola, C. divergens, C. gallinarum, and C. mobile, were differentiated by a 16S-23S ISR PCR-based single digestion with the HindIII, HinfI, or TaqI enzyme (24) .
Specific oligonucleotide probes and PCR amplification of the 16S-23S rRNA ISR have been used to identify a large number of LAB (9, 48, 49, 51) . Species-specific primers designed from the 16S-23S ISR have been developed and their use has proved to be a rapid method for the identification of closely related species such as Lactobacillus spp. (5). Moreover, species-specific primers have been designed by the use of domains that exhibit low levels of homology in the 16S rDNA sequences of Carnobacterium species (2, 8) . However, the PCR primers used in these studies were not specific enough to differentiate Carnobacterium spp. from other genera of LAB. Even so, there are no reports of species-specific primers for the differentiation of all of the Carnobacterium species. This kind of primer could be very useful for PCR-based rapid identification. Furthermore, the eight currently described Carnobacterium species have never been involved in a comparative genetic characterization.
For the present study, the 16S-23S rDNA ISR was used as a target for the development of a reliable RFLP diagnostic algorithm and for the design of species-specific primers that are useful for discriminating all of the species of Carnobacterium in a sensitive, easy-to-perform PCR protocol.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used for this study are listed in Table  1 . The strains were stored as 20% glycerol stock cultures at Ϫ80°C in DeMan Rogosa Sharp medium (Biokar, Beauvais, France). Cultures were grown at 30°C for 24 h in DeMan Rogosa Sharp medium.
The Escherichia coli INV ␣FЈ strain (Invitrogen Life Technology, Cergy Pontoise, France), used for cloning procedures, was grown in Luria-Bertani broth (0.1% tryptone, 0.1% sodium chloride, 0.05% yeast extract, pH 7.0) for 16 h at 37°C. Transformed E. coli cells were grown on Luria-Bertani agar plates containing 100 g of ampicillin/ml, 0.5 mM isopropyl-␤-D-thiogalactopyranoside, and 80 g of 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside/ml.
DNA extraction and PCR amplification. Total DNAs were extracted as described by Tudor et al. (53) . The oligonucleotide primers used for this study were obtained from Invitrogen and are listed in Table 2 . The ISRs were amplified with primers 16S-2 and 23S-7. For species-specific amplification, the ISR primers Cpis, Cdiv, Cmob, Cgal, Cinh, Cfun, Calt, and Cvir were designed from the nucleotide sequence data obtained in this study, and each of them was paired with the primer 23S-7 for the 23S rRNA gene. For restriction enzyme analysis, the ISRs were amplified with the primer set tRNA Ala and 23S-10. The tRNA Ala primer was designed from a conserved sequence of the tRNA Ala gene located in the 16S-23S ISR of Oenococcus oeni (29) .
PCRs were performed in a total volume of 50 l containing 1ϫ PCR buffer without MgCl 2 , 2.5 mM MgCl 2 , 1 g of DNA/ml, a 0.3 M concentration of each primer, a 0.25 mM concentration of each deoxynucleoside triphosphate, and 1 U of Taq DNA polymerase (Appligene Oncor, Espoo, Finland). PCRs were carried out in a PTC-100 thermocycler (MJ Research Inc., Watertown, Mass.). The amplification of ISRs consisted of 35 cycles of a 1-min denaturation step at 94°C, a 1-min annealing step at 56°C, and a 1-min extension step at 72°C. The annealing temperatures of each species-specific primer are listed in Table 2 . Speciesspecific amplification consisted of 30 cycles of 1 min at 94°C, 45 s of an annealing step, and 45 s at 72°C. The first cycle of the amplification program was preceded by incubation for 5 min at 94°C and followed by a final 5-min extension at 72°C. Negative controls containing no DNA template were included in parallel. Fivemicroliter samples of the PCR products were analyzed by electrophoresis in a 1.5% (wt/vol) agarose gel in Tris-acetate-EDTA buffer and were subsequently visualized by UV illumination after ethidium bromide staining.
Restriction enzyme analysis and computer-assisted analysis of rDNA restriction patterns. The enzymes used for restriction enzyme analysis were HindIII, HinfI, and ␣TaqI. Digestion reactions were performed in a final volume of 25 l at the optimal temperature according to the manufacturer's protocols (BioLabs, Hitchin, United Kingdom). The total digested products were separated by electrophoresis in 2% (wt/vol) agarose gels in Tris-borate-EDTA buffer. The gels were stained with 0.5 g of ethidium bromide/ml and visualized with UV light. Gel images were digitized with a charge-coupled device video camera (Sony, Clichy, France) and saved as TIFF files. These were converted, normalized with the molecular size markers in the 100-bp DNA ladder (BioLabs), and analyzed with Bio Profile 1Dϩϩ software (Vilbert Lourmat, Marne La Vallée, France). For ISR-RFLP analysis, a band-matching algorithm was selected to calculate pairwise similarity matrices with the Dice coefficient. A band-matching tolerance of 5% was chosen.
16S-23S ISR DNA cloning and sequencing. Clone libraries of the PCR-amplified rDNAs of Carnobacterium species 16S-23S ISRs were constructed with primers 16S-2 and 23S-7 by the use of a pCR2.1 TA cloning kit (Invitrogen Life Technology). From each clone library, 30 white colonies were picked randomly. The clones were screened by PCR for the presence of rDNA-ISR inserts and by restriction mapping for the sizes of inserts. For each strain, three independent clones corresponding to the three types of 16S-23S ISR identified for Carnobacterium species were selected and sequenced. Double-stranded DNAs from the recombinant plasmids of the positive clones from the above screening assays were purified with a QIAprep Spin Miniprep kit (Qiagen S.A., Courtaboeuf, France). Nucleotide sequences of the cloned 16S-23S ISRs were determined by the dideoxynucleotide chain termination method (44) with an ABI 370 automated sequencer and a Taq Dye-Deoxy TM terminator cycle sequencing kit (Perkin-Elmer, Boston, Mass.). The M13 primers flanking the multiple cloning site of pCR2.1 DNA were used to sequence both DNA strands.
DNA analysis. Sequences were submitted to the National Center for Biotechnology Information (Bethesda, Md.) for similarity searches in GenBank. The computer program CLUSTAL W (50) was used for sequence alignment and the BLAST 2 program (1) was used for the representation of sequence similarities, using sequences which did not include 16S or 23S rDNA.
Nucleotide sequence accession numbers. The sequences of the 16S-23S ISR DNAs of C. funditum, C. alterfunditum, C. inhibens, and C. viridans were deposited in the GenBank database. The accession numbers for these sequences are as follows: 
RESULTS
ISR length polymorphism in Carnobacterium genus. PCR amplification using primers 16S-2 and 23S-7, designed from the flanking terminal sequences of the 16S and 23S genes, was performed with chromosomal DNAs isolated from 45 strains of the eight Carnobacterium species. The PCR products from larger (S-ISR, ca. 700 bp; M-ISR, 800 bp; and L-ISR, 900 bp). These results showed that C. divergens, C. mobile, C. funditum, C. alterfunditum, C. inhibens, and C. viridans are included in group A, while C. gallinarum and C. piscicola appear to be the only members of group B, as defined by Kabadjova et al. (24) .
PCR-based restriction analysis. Since PCR amplification with primers 16S-2 and 23S-7 yielded three ISR amplicons of different lengths, it was difficult to obtain clear patterns in a PCR-RFLP analysis. The 16S-23S rDNA L-ISR and M-ISR of C. piscicola, C. divergens, C. mobile, and C. gallinarum contain a tRNA Ala gene (24) . The results showed that a tRNA Ala gene is present in the 16S-23S rDNA ISR of C. funditum, C. alterfunditum, C. inhibens, and C. viridans, as already described for the other species. The PCR products amplified from each strain were digested separately with ␣TaqI, HinfI, and HindIII since they allow the differentiation of four closely related Carnobacterium species, i.e., C. piscicola, C. divergens, C. gallinarum, and C. mobile (24) .
The observed individual TaqI, HinfI, and HindIII RFLP patterns of reference strains are shown in Fig. 2 . The TaqI digestion revealed seven genotypes with well-resolved bands. The seven genotypes displayed the following patterns: four bands, at 150, 169, 209, and 348 bp, for C. piscicola; three bands, at 266, 300, and 322 bp, for C. gallinarum; two bands, at 295 and 419 bp, for C. divergens and C. mobile; one band at 282 bp and two bands at 165 to 170 bp for C. viridans; two bands, at 430 and 306 bp, for C. inhibens; two bands, at 422 and 306 bp, for C. funditum; and two bands at 285 to 290 bp and one band at 162 bp for C. alterfunditum. Hence, we determined that TaqI can only be used to distinguish four Carnobacterium species (C. viridans, C. alterfunditum, C. piscicola, and C. gallinarum) and to differentiate them from the group of the four other species (C. inhibens, C. funditum, C. divergens, and C. mobile). 
HinfI and HindIII restriction sites located in the M-ISR and the L-ISR (24).
Nucleotide sequence analysis of 16S-23S rDNA ISR. To compare structures between differently sized ISRs, we sequenced the S-ISRs, M-ISRs, and L-ISRs of C. funditum CIP 106503 T , C. alterfunditum CIP 105796 T , C. inhibens DSM 13024
T , and C. viridans DSM 14451 T . For each strain, the three ISR amplicons, cloned in plasmid pCR2.1, were screened by PCR amplification. Three independent clones containing the insert rDNAs corresponding to each of the three PCR ISR amplicons were identified and sequenced. The length of each ISR from each species is listed in Table 3 , and a sequence alignment of L-ISRs is shown in Fig. 3 . (5, 24) . The most variable region in the L-ISR sequences was located between the genes for tRNA Ile and tRNA Ala (Fig.  3) .
Phylogenetic relationships in Carnobacterium genus based on sequences of L-ISR. To evaluate the phylogenetic relationships between the species of the Carnobacterium genus on the basis of the L-ISRs, we created a phylogenetic tree including all of the sequences determined in this study (Fig. 4) . The distance matrices were calculated by the Dayhoff matrix and the phylogenetic tree was constructed by cluster and topological algorithms with GeneBee software (7) .
The phylogenetic relationships based on the L-ISRs resulted in the identification of two major groups of species. The first contains C. piscicola and C. gallinarum and the second contains C. divergens, C. mobile, C. funditum, C. alterfunditum, C. inhibens, and C. viridans. This analysis gathered the Carnobacterium species into groups A and B as distinguished by 16S-23S rDNA ISR size polymorphism.
In group A, two subgroups were formed. The first subgroup (A1) included C. divergens strains, while the second one (A2) included C. mobile, C. funditum, C. alterfunditum, C. inhibens, and C. viridans. C. divergens was separated in a branch from subgroup A2, indicating that C. divergens, even though it is related, represents an independent phylogenetic lineage that diverges from the members of subgroup A2. These data on ISR sequences confirmed the observation that C. inhibens and C. alterfunditum cannot be distinguished easily. The sequence similarity of L-ISRs containing tRNA genes supported the proposal that C. inhibens and C. alterfunditum are monophyletic and represent a single clade. The close relationship of C. mobile and C. funditum was confirmed by the sequences of their L-ISRs. Thereby, subgroup A2 can be divided into two subsubgroups, with the first one (A2-1) consisting of C. mobile and C. funditum and the second one (A2-2) consisting of C. viridans, C. inhibens, and C. alterfunditum (Fig. 4) .
Design and specificity of species-specific primers. In order to design primers that would specifically identify species, we screened the region showing the highest variability among Carnobacterium species. The highly variable spacer region between the two tRNA genes from the L-ISRs varied in length from 24 to 38 bp, and it turned out that this region met the requirement for the design of species-specific primers (Fig. 3) . Eight specific primers for eight corresponding Carnobacterium species were designed. The primer sequences from this region are underlined in Fig. 3 and listed in Table 2 . In order to validate the specificity of species-specific primers, we compared the oligonucleotide sequences to sequences in the GenBank database and to Ribosome Database Project sequences by using the BLAST program at the National Center for Biotechnology Information web site. The specific primers for C. divergens and C. gallinarum do not match significantly with any bacterial sequences available in the databases. No sequences identical to the other specific primer sequences were determined in the data banks. However, alignments showing 100% identity between genomic bacterial DNA sequences and 76 to 91% of the specific primer sequences were determined. The genomic DNA sequences showing partial identity with the Carnobacterium-specific primers belong to various genomes of gram-positive bacteria, such as Neisseria, Clostridium, Listeria, Bacillus, Mycoplasma, Lactococcus, and Staphylococcus. None of these genomic DNA sequences is located in a ribosomal operon. Consequently, to avoid the possibility of nonspecific amplification due to nonhomologous annealing of a specific primer to a bacterial genome, we chose a nested PCR approach. First, the ISR containing the species-specific sequence was amplified with primers 16S-2 and 23S-7. This amplicon was then used as a template for the species-specific PCR. We used DNA samples from different strains in order to have a wide range for an assessment of primer specificity. The amplified by the nested PCR approach as described above or by one-step specific PCRs. The specificities of these primers were also tested on a large number of bacterial species, which are listed in Table 1 . As an example, Fig. 5A and B show the specificity of the C. piscicola primer (Cpis). The Cpis and 23S-7 primers only allowed the synthesis of a fragment of 650 bp from C. piscicola DNA. Lactobacillus maltaromicus gave a positive response to the specific primer of C. piscicola (results not shown), which confirms that these two species are synonymous, as reported before (35) . Each specific primer allowed amplification exclusively from the corresponding species by the nested or one-step specific PCR approach (results not shown). The positive responses for each species-specific primer are presented in Fig. 5C .
DISCUSSION
In this work, we compared the 16S-23S rDNA ISR organization of the eight Carnobacterium species. The three different 16S-23S ISR PCR products obtained for each strain indicated the presence of at least three types of rrn operon in Carnobacterium species. The variations in ISR length observed could be due in part to variations in the number and type of tRNA sequences found in this region. (17) . In all Carnobacterium species, the tRNA Ala gene is located at the same distance from the 23S rRNA in both the M-ISR and the L-ISR. For this reason, PCRs using primers tRNA Ala and 23S-10 allowed the amplification of two amplicons of the same length, which appeared as a single DNA fragment with a size of about 750 bp for group A (C. divergens, C. mobile, C. funditum, C. alterfunditum, C. inhibens, and C. viridans) and about 900 bp for group B (C. gallinarum and C. piscicola). These amplicons were appropriate for the RFLP analysis used in this study. PCR-RFLP of the 16S-23S rDNA ISR digested by three endonucleases, HinfI, HindIII, and ␣TaqI, was tested to cluster the Carnobacterium species. C. divergens, C. mobile, C. inhibens, and C. funditum could not be differentiated by ␣TaqI. The digestion of the ISR amplicons with HinfI only allowed the differentiation of C. piscicola, C. mobile, C. gallinarum, and C. viridans. Therefore, only HindIII allows the differentiation of the eight Carnobacterium species. The finding of two distinct Carnobacterium groups, group A (C. divergens, C. mobile, C. funditum, C. alterfunditum, C. inhibens, and C. viridans) and group B (C. gallinarum and C. piscicola), accurately defined by unique RFLP genotypes, correlates with a previous numerical phenetic study of the genus Carnobacterium (26) . Furthermore, this fact is supported by the dendrogram presented in Fig. 4 showing the formation of groups A and B, consisting of C. gallinarum and C. piscicola and of C. divergens, C. mobile, C. funditum, C. alterfunditum, C. inhibens, and C. viridans, respectively.
The species-specific PCR primers, designed from 16S rDNA, were not specific enough to differentiate Carnobacterium spp. from other bacterial strains (8) . The tRNA gene intergenic region in the L-ISRs has been shown to be highly variable and meets the requirement for the design of specific primers (5) . Unlike a 16S rDNA-based PCR, in which the genus-specific primers are separated by a long stretch of target sequence, an ISR-based PCR would amplify a smaller PCR product, resulting in more efficient and sensitive target amplification. An alignment of the L-ISR sequences of the eight Carnobacterium species showed the presence of a variable region between tRNA Ile and tRNA Ala in the L-ISR. We designed species-specific primers from this region for each Carnobacterium species. Cross-examination was performed with the eight Carnobacterium species, and positive responses were only obtained for the species corresponding to the specific primers tested. These primers were also tested on various bacterial genera, such as Lactobacillus, Lactococcus, Leuconostoc, Weissella, Enterococcus, Streptococcus, and Desemzia, and these bacteria were not detectable by them, proving the specificity of the primers tested (Fig. 5B ). An in silico analysis showed the low probability of a nonspecific amplification when the nested PCR approach is used. These results indicate that the PCR strategy proposed is highly specific.
Concerning the intraspecies stability of ISR-RFLP patterns, we can state that the spacer-based method was successfully evaluated with respect to expanded groups of strains within the carnobacterial species. The 16S-23S ISR HindIII RFLP profile and the designed primers clearly appear to be species specific. However, to our knowledge, there is only one isolated strain each described for C. funditum, C. alterfunditum, C. inhibens, and C. viridans. Consequently, the 16S-23S ISR HindIII RFLP profile and the specific primers for these species were only tested on the available reference strains. Hence, the identification strategy using the 16S-23S ISR HindIII RFLP profile confirmed by a nested PCR with specific primers, as described in this study, could be a useful and powerful tool to identify new strains of these species from different ecological niches.
In conclusion, the first molecular identification strategy for the eight closely related Carnobacterium species was proposed in this paper. PCR-RFLP analysis of 16S-23S rDNA ISRs digested by HindIII revealed different profiles for all Carnobacterium species. Sequence analysis of 16S-23S rDNA ISRs led to the construction of species-specific primers that are useful for PCR identification of the eight Carnobacterium species.
